Cleaved edge overgrowth and selective area epitaxy were combined for the synthesis of InAs quantum dot (QD) arrays with lateral sizes from 20 to 40 nm. The optical properties were locally assessed by confocal photoluminescence spectroscopy experiments at liquid helium temperature. The emission lines redshift as the lateral size of the QDs is increased. In agreement with a narrow size distribution, significantly narrow emission lines are observed for measurements in QD ensembles. Excitation power dependent luminescence measurements were realized on QD ensembles. A shell filling behavior was observed. The same measurements realized on single QDs led to the observation of multiple excitonic effects. Polarization dependent luminescence measurements indicate the existence of in-plane optical anisotropy, which strictly follows in-plane morphological anisotropy of the QDs. These results are encouraging for the use of quantum dot arrays in quantum information science and technology, as well as for new device concepts. #
Introduction
Self-assembled quantum dots (QDs) are known to have unique optical and electronic properties, which are mainly derived from their strong carrier confinement, leading to atomic-like discretization of the electronic energy levels. 1, 2) In this context, QD nanostructures are expected to have great impact both on future optoelectronic devices, as well as on the investigation of quantum physics and information related phenomena. [3] [4] [5] Molecular beam epitaxy (MBE)-grown QDs are usually obtained with the StranskiKrastanov growth mechanism, in which the strain of a lattice mismatched layer is released through the formation of threedimensional islands. This type of growth results generally in dislocation-free high quality islands with a certain size distribution. 6, 7) For future device applications and fundamental studies, controlling the assembly of QDs in a deterministic way is highly desirable.
Previous methods for controlling the size distribution and arrangement of In(Ga)As/GaAs QDs have included growth on vicinal surfaces, on high index facets [8] [9] [10] and on patterned substrates. [11] [12] [13] In the cases where the QDs were optically active, the improvement in size control has resulted in emission spectra with significantly smaller line widths. 14) To date and to our knowledge, the smallest line width reported for an ensemble of InGaAs/GaAs QDs is around 10 meV. 15) This was achieved by very careful control of the synthesis conditions, so that the size distribution was minimized. Recently, we have demonstrated the synthesis of long-range ordered chains of InAs QDs by growth on a (110) cleaved facet composed of AlAs stripes embedded in GaAs. By controlling the position and size of the quantum dots using AlAs stripes, small size distributions could be achieved, leading to the question of whether this translates into an improvement in the optical properties of the InAs QDs. 16, 17) In our initial work, 16) the QD arrays co-existed with microscopic triangular InAs islands. These defects arise from the heteroepitaxy of InAs on (110) GaAs surfaces and often crossed the QD arrays. In a later work, 17) a study of the growth mechanisms led to the fabrication of InAs QD arrays without the appearance of these defects and in a reproducible way. The optical properties of these defect-free arrays are to date not characterized.
In this paper, we present scanning confocal photoluminescence (PL) spectroscopy measurements of defect-free InAs QD array ensembles, both as power and polarization dependent PL, and compare them to the QD morphology as analyzed by atomic force microscopy (AFM).
Experimental Procedure

Growth
The growth was carried out in a GenII MBE machine, by adapting the cleaved edge overgrowth (CEO) technique to the self assembly formation of InAs nanostructures. The main principle of the CEO technique is to grow on a surface that has been freshly cleaved in situ in the MBE machine. 18) The first MBE step consists of the preparation of the substrate by growing an alternating series of AlAs and GaAs layers on a (001) oriented GaAs surface. The cleaving along the [110] direction opens a new (1 1 10) surface, formed by AlAs and GaAs stripes. Immediately after the cleaving, InAs deposition begins and QD arrays form selectively on top of the AlAs layers.
The geometry of the freshly cleaved (1 1 10) surface strongly affects the growth of InAs, which can form different types of ordered nanostructures, ranging from nanowires to single and double QD chain arrays. We have previously shown that the occurrence of each of the structures depends on the thickness of the AlAs stripes and on the growth parameters. 17) Details of the growth process and technique have been presented elsewhere. 17, 19) In the present work, we have restricted our attention to the study of single QD chains having different widths. These were grown on five AlAs/GaAs multistripe structures (MS) spatially separated by 1 mm of GaAs. Each MS contains 10 AlAs stripes of thickness d, separated by GaAs interlayers 70 nm thick. d is varied in subsequent MS from 20 to 40 nm in steps of 5 nm. The growth conditions of the InAs nanostructures are as follows: In growth rate of 0.06 Å /s, a nominal thickness of InAs of 1.5 monolayers (ML), a substrate temperature of 455 C and background As 4 overpressure of 5:5 Â 10 À5 mbar.
17) The InAs deposition is followed by 120 s of annealing at the same temperature under As 4 overpressure. For the investigation of the morphology of the InAs nanostructures by AFM, the samples are cooled immediately without any further processing. For the study of the optical properties, the samples are capped with a 50 nm thick GaAs layer in order to avoid influence on the luminescence by the surface states and to ensure QD behavior (substrate temperature and As 4 overpressure are the same as for the InAs deposition).
Optical measurements
The optical properties of the grown structures were investigated by using a commercially available scanning confocal mPL microscopy system (attoCFM I 20) ), having lateral displacement accuracy in the nanometer range. A schematic drawing of the setup is plotted in Fig. 1(a) . The excitation and collection spot was slightly less than 1 mm in diameter. The measurements were realized at 4.2 K, using as excitation source either the 632.8 nm line of a He-Ne laser or the 780 nm line of a laser diode. The luminescence from the sample was detected and analyzed by a combination of grating spectrometer and Si charge coupled device.
As will be described below, it is possible to obtain luminescence from QD ensembles as well as from only few or even single QDs. This can be achieved by either focusing the excitation spot at the center of the MS region, or by moving it away from the stripes such that only few QDs are contained within the collection area of the microscope. Figures 1(b) and 1(c) schematically represent how the spot of the confocal microscope should be placed on the sample for the investigation of either ensemble or few (single) QDs. A decrease in the QD PL intensity can help to accurately move the excitation spot from the center of the MS towards the edge. As a consequence of the reduction of the signal at the edge of the MS, longer time integration measurements are needed.
Results and Discussion
Spatial dependence of the photoluminescence
A typical PL intensity map corresponding to a one-dimentional (1D) scan on a large part of the sample is shown in Fig. 2(a) . The scan includes both the substrate and MS regions. The x-and y-axes correspond respectively to the energy scale and spatial coordinate of the scan across the stripes. The graph consists of a 15 mm long scan taken with 0.25 mm steps. The scan starts at the edge of the sample and moves towards the [00 1 1] direction. It contains the signal from five AlAs/GaAs MS as well as a section of the original GaAs substrate. A schematic drawing of the surface geometry is depicted to the left of the mapping scan for clarity. The dashed line indicates the interface between the epi-grown layers and the original substrate region. At the bottom of the scan, corresponding to the original GaAs substrate, we observe two notable features: (i) the GaAs free and shallow bound exciton peaks close to 1.51 eV and (ii) the GaAs exciton peak bound to neutral (C) acceptor at $1:49 eV. 21) At the top of the scan, which corresponds to the region where the GaAs/AlAs MSs are present, the luminescence from the GaAs exciton is brighter than in the substrate. This could indicate that the epilayer contains fewer impurities, though the C-bound exciton is also slightly present. The free and shallow exciton lines located between 1.509 and 1.514 eV are observed along the [00 1 1] direction. Interestingly, the intensity is modulated along the epilayer and appears to be brighter in the MS regions, as shown in Fig. 2(b) . We believe that this is related to the lower effective refractive index of the AlAs/GaAs stack, 22) which ensures a better coupling with the confocal objective. The presence of tensile stress in the GaAs sandwiched between the multiple AlAs layers is also clear (the stress is due to a slight but non-zero difference in lattice constant). Indeed, we observe that the position of the free GaAs exciton peak shifts gradually to lower energies as the thickness of the AlAs layers is increased. 19) At energies well below the free and bound GaAs exciton peaks (between 1.30 and 1.40 eV), a second luminescence peak is observed. These peaks are broader (bands) and coincide with the location of the AlAs/GaAs multilayers. We attribute this luminescence to the InAs QDs obtained on the AlAs stripes. The center of the band shifts to lower energies along the [001] direction, at the same time that the AlAs stripes become broader (which means that the QDs are larger).
One should note that the intensity of the GaAs exciton peak is higher than that of the QDs. We believe that the following aspects can account for this: (i) the excitation energy is lower than the bandgap of the AlAs barrier layer below the QDs. For this reason, the transfer of electron-hole pairs from the surrounding material in the QDs is less efficient, compared with the standard case of InAs QDs grown on (001) oriented GaAs; (ii) there is a magnifying effect on the PL of the GaAs peak between the AlAs stripes. In this part of the structure the GaAs/AlAs multilayers are acting as mirrors. As consequence, the GaAs PL signal is not emitted in an isotropic way but is guided towards the surface of the sample. To validate this assumption, we note that the increased emission is only obtained between the AlAs stripes, while the PL signal of GaAs in the substrate far away from the MS regions is as intense as for the QDs.
Before analyzing in details the mPL spectra relative to the QD chains, it is necessary to look at the morphological characteristics of the uncapped sample. Typical AFM measurements of the uncapped sample are shown in Fig. 3 23) The fluctuation of the QDs lateral size is quite small, with FWHM from 4% on the largest AlAs stripes up to 7% on the thinnest ones. As presented in previous studies, 17, 25) the height of the InAs QDs, h, is also proportional to the AlAs stripe thickness and the averaged values for each MS region are reported in Table I . The QDs present a height distribution of $15%. This relation between QD height and AlAs stripe thickness is due to the significantly lower mobility and lifetime 24) of In adatoms in the (110) AlAs surface, with respect to (110) GaAs. 25, 26) In agreement with the increase of d in each MS structure, we have obtained five different QD ensembles, each one with a height distribution between 7.2 and 11.5 nm, respectively, for MS widths from 20 to 40 nm. 27) As shown in Fig. 3(b) , the smaller stripes (MS20) host QDs with a narrower size distribution, and a standard deviation in height close to 2 nm. For larger stripes, the distribution consistently broadens, attaining a standard deviation in height of 4 nm for the thickest AlAs stripes (MS40). From the considerations above and given that the QD height is much smaller than the width, we conclude that variations in height should mainly account for the change in confinement energy. The morphological characteristics for each of the QD ensembles are summarized in the Table I . Interestingly, the QD density is relatively constant as a function of d. Before presenting the results on the optical properties of the QD arrays, we would like to comment on the possible existence and/or influence of an InAs wetting layer (WL) below the QD chain, which would form a kind of ultrathin nanowire between the QDs. As shown in ref. 17 , the precursors of the QD chains are thin nanowire structures that grow on top of the AlAs stripes. The height of these wires is smaller than the height of the dots, which implies larger quantization energy for the wire than for the QD chain. An excited electron-hole pair should preferentially relax into the quantized states of the dot and not of the WL. 28) This means that if this 1D wetting layer exists, the recombination would occur preferentially in the InAs QDs. In the case of InAs QDs grown on (110) AlAs surfaces, one would expect wetting layer PL emission in the 1.42 -1.45 eV energy range, as it was previously reported. 29) In our PL experiments we have never observed luminescence in this energy range, concluding that PL signal from InAs wetting layer does not exist.
Finally, we would like to point out the absence of InAs wetting layer PL signal from the GaAs region in-between the multistripes. Again, InAs QDs are not expected to form in (110) GaAs surfaces. However, one monolayer of InAs is expected to form. We have measured PL at 1.45 eV only on the GaAs substrate, several microns away from the ML region. In agreement with this, AFM measurements on this part of the sample have indicated the presence of 1 ML high InAs layer. The absence of the wetting layer between the MS regions is due to the migration of In adatoms towards the AlAs stripes, which lies at the origin of the formation of QDs only on the MS region. 25) Indeed, for the formation of QDs up to 11.5 nm high (40 ML), only 1.5 ML InAs needs to be deposited. There is indeed a redistribution of mass in the MS regions that hinders the formation of a wetting layer in the GaAs regions between the MS. 5.6 mW and respectively 200 and 5 s. In the following, we will refer to these two measurements to low and high excitation power. We analyzed first the PL obtained under low excitation power conditions, shown in Fig. 4(a) . The PL peak shifts from 1.340 to 1.385 eV in the direction of decreasing stripe size (and QD size). For a better illustration of the shape and position of the spectra, a single line scan spectrum belonging to each MS region is plotted on the right side of Fig. 4(a) . As it can be seen, the spectra are complex and formed by many sharp peaks. This can be attributed to the contribution of many QDs, even if the maximum number of QDs measurable at one time is 150. The shift of the energy peaks as a function of stripe size is consistent with the evolution of the QD dimension, as shown in Fig. 3(b) . The PL peaks shift to lower energies for QDs grown on stripes from 25 to 40 nm, and the QD heights increase from 8.5 to 11.5 nm. Strikingly, very similar PL was measured for QDs with 25 and 20 nm widths. This is in principle in disagreement with the morphological analysis of the uncapped QDs which indicates a difference in size. We believe that this may be due to a partial change in the QD morphology after the deposition of a GaAs capping layer, as has been observed by several groups for the InAs-GaAs QDs system. 30) In order to understand the trend of the peak position with respect to QD size, the position of the emission lines can be modeled using the particle in a box approximation. 31) In our case, we assume for simplicity that (i) the QD base shape is symmetric (size d 0 determined by the AlAs stripe width d) and (ii) the QD height h is proportional to d. Therefore, the QD energy level should be proportional to 1=d 2 . In Fig. 5 we have plotted the peak energy position as function of the stripe thickness d under different excitation power conditions. As expected, the energy peaks blueshift with decreasing d. The trend is respected from 40 to 25 nm stripe thickness in all the measurements, while a deviation from the trend appears at the 20 nm thick AlAs stripes. We believe this deviation to be due to a change in the morphology of the smallest QDs after capping with GaAs, from QD-like to wire-like. The capping process constitutes a slight erosion of the QD apex which reduces the QD height. This process affects to a higher degree the shape of small QDs than that of larger QDs. The appearance of nanowire-like InAs structures is possible in this scenario, changing the luminescence characteristics.
With the exception of the arrays obtained on MS30, the widths of the emission lines are relatively small, below 15 meV at low excitation power; this is in agreement with a good size uniformity of the QDs. A similar trend is observed at high excitation powers. As expected, the line width increases with excitation power, and the sharp features also disappear, giving rise to a more homogeneous band. This can be attributed to the existence of multiple exciton effects and to the recombination from higher excited levels, which occurs when the lower energy levels saturate. The linewidth of QDs from MS30 changes less significantly with excitation power compared to the linewidth of QDs from others MS regions. Furthermore, we observe that the highest PL intensity has been recorded on the thinner stripes (MS25, MS20). We believe that the observed weaker PL intensity from ensembles of larger QDs is related to an increment of strain accumulated in the apex, which can affect the radiative recombination processes. To understand this in more detail, more refined structural studies are needed.
Detailed power dependent PL experiments on ensemble and single QDs
In this section we present PL spectra recorded as a function of excitation power. We will show (i) evidence of shell filling in the spectroscopy of QD ensembles and (ii) the existence of single, double and multi exciton complexes in single QDs. The detailed PL spectra of an ensemble of QDs grown on MS30 as a function of excitation power are shown in Fig. 6 . The spectra are obtained with excitation powers in the range between 0.01 and 5 mW. Clearly, at low excitation powers only one band centered at 1.363 eV and about 20 meV broad is observed. No sharp peaks are present, meaning that the collected PL comes indeed from a QD ensemble. By increasing the excitation power, the PL intensity increases. At the same time, a second band shifted by about $30 meV towards higher energies appears. As it is usually obtained in similar QD systems, the two bands can be respectively attributed to the s and p shell filling in QDs.
32) Additionally, we would like to point out that a very small feature above 1.41 eV seems to appear at the highest excitation power. Unfortunately, due to limitation in the experimental setup it is not possible to realize any correlation of this peak with emission from a higher confined shell.
We have shown that the collective response of the emission corresponds to what it is expected of a quantum dot ensemble. Now, for consistency, we present the results on single QDs. An example of single QD luminescence nucleated on MS40 is shown in Fig. 7(a) . The spectra have been recorded by excitation by a laser diode and for an integration time of 120 s. At the lowest excitation power, only one peak is observed at 1.346 eV, which we attribute to single exciton (X 0 ). The FWHM of the peak is below 1 meV, at the limit of our spectrometer resolution. By increasing the excitation power, a sharp peak appears close to the X 0 line, shifted to lower energies (1.344 eV) and with a lower intensity. This peak corresponds to the bi-exciton (2X). By further increasing the excitation power, the intensity of both peaks increases. The intensity of the 2X line increases at nearly double the rate of the single exciton line. At the highest excitation power other peaks appear. These could be related either to the recombination of multiple excitons in the same dot or from vicinal dot(s), as the spot size tends to increase for the highest excitation powers. In Fig. 7(b) the integrated PL intensity versus the excitation power is presented in a log-log plot for the single exciton (X 0 ) and biexciton (2X) peaks. The fit reveals a quasi linear dependence between peak intensity and excitation power for the exciton and quasi quadratic for the biexciton. This is in agreement with what it is expected from a single and double exciton of InAs QDs. 33, 34) 
Polarization dependent photoluminescence
In this section we present the polarization dependence of the PL measured in the InAs QD arrays. This study allows investigation of the anisotropy of the luminescence. In the following, parallel and perpendicular polarization will be referenced to the AlAs stripes. In Fig. 8(a) we show two spectra corresponding to parallel and perpendicular polarization of the PL taken with few QDs grown on the MS30. The spectra correspond respectively to the configurations exhibiting maximum and minimum PL intensity. The highest PL intensity is parallel to the [110] direction and the lowest is parallel to the [001] direction. All investigated QDs show the same trend. A schematic drawing of the setup configuration is shown in Fig. 8(b) .
5.00μW 2.00μW 1.00μW 0.50μW 0.20μW 0.10μW 0.05μW 0.02μW 0.01μW Fig. 6 . (Color online) PL power series on QD ensemble from MS30. At low excitation power only a peak centered above 1.36 eV dominates the spectra, while at large excitation power a second peak appears at larger energy (1.39 eV). We attribute the two peaks to exciton recombination from s and p shell respectively in the QDs. Results of a full polarization PL series are reported in Fig. 9 in the form of a polar plot. The measurement series come from single QD spectroscopy on MS30 with polarization angle steps of 15 . The graph describes the behavior for single exciton (X 0 ) and biexciton (2X) lines. On the circular scale is reported the polarization angle and on the radial scale the PL intensity. Clearly, the maximum intensities are reached when the polarization analyzer is at 0 , meaning that the QDs PL intensity is polarized along the [110] direction, parallel to the AlAs stripes. The PL intensity changes with a period of 180
. Generally, the anisotropic polarization properties of QDs can be ascribed to the morphological in-plane anisotropy of the QDs. For example, asymmetry in the morphology of InAs/GaAs QDs has been reported to increase when the QDs are grown on high Miller index GaAs surfaces instead of on the (001) GaAs surface. Indeed, quantum dashes elongated and arrow-like QDs have been reported respectively on (211)B 35) and (311)B GaAs surfaces, 36, 37) while QDs present both round domes and square-based symmetric pyramids 38) on (001) surfaces. In these cases, asymmetry in the luminescence polarization has also been observed. We have studied the morphology of the QDs grown on the stripes by high resolution AFM. We have found that the QDs nucleated on the AlAs stripes have asymmetric in-plane shapes with elliptical bases, where the long and short axes are respectively parallel and perpendicular to the stripe. An example of a high resolution AFM image for uncapped dots grown on MS30 is shown in Fig. 10 [35] [36] [37] Only in ref. 39 a value of 30% (in the same range of polarization ratio measured in this work) has been reported. As shown in the Table II , we have also measured optical anisotropy in a single dot ( Ã optical ) that reaches an extremely high polarization ratio up to 60%. To our knowledge, only Favero et al. 40) have reported a larger polarization ratio (up to 82%) for the case of a single InAs QD, by measuring very dilute QD samples. They observed that the polarization ratio decreases with QD density. Differently from them, our polarization dependent results have been obtained on single QD in a highly dense QD array. Therefore, we conclude that the optical anisotropy results presented here shows an exceptionally high polarization ratio for both QD ensembles ($30%) and a single QD ($60%).
Conclusions
In conclusion, we have presented the characterization of optical properties for InAs QD arrays that were grown on the cleaved facet of a series of AlAs/GaAs multilayer structures. The InAs QDs were defect-free, meaning that there were no InAs trapezoidal islands precipitated between the QDs. The width of the investigated arrays, which is determined by the surface geometry, was varied between 20 and 40 nm. The PL emission lines redshift with increasing size of the dots, in agreement with theory. Significantly narrow emission lines are measured, in accordance with a narrow dot size distribution. Moreover, shell filling and measurements on single dots corroborate that the observed luminescence is originated at the QDs and not on the 1D wetting layer underneath. Finally, polarization dependence investigations on CEO defined InAs QDs have revealed anisotropic behavior of the emitted PL, with highest intensity parallel to the AlAs stripes. Careful AFM investigations of the in-plane QD shape showed a strong anisotropic elongation of the dots in the same geometry, which to a good extent explains the anisotropic behavior of the measured PL. These results further confirm the promising potential for CEO InAs QD arrays for new applications, in particular for polarization-sensitive devices. 
